We studied the relation between [K+], and the electrophysiologic changes during a "Harris two-stage ligation," which is an occlusion of a coronary artery, preceded by a 30-minute period of 50% reduction of flow through the artery. This two-stage ligation has been reported to 
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Ruben Coronel, MD, Jan W.T. Fiolet, PhD, Francien J.G. Wilms-Schopman, Tobias Opthof, PhD, Alexander F.M. Schaapherder, MD, and Michiel J. Janse, MD We studied the relation between [K+] , and the electrophysiologic changes during a "Harris two-stage ligation," which is an occlusion of a coronary artery, preceded by a 30- In 1950, Harris described a method to study late cardiac arrhythmias after coronary artery ligation in the in situ dog heart.1 Specifically, in this experimental model, the first phase of life-threatening arrhythmias after coronary occlusion was absent, thus reducing early mortality. The reduction of primary ventricular fibrillation was brought about by a 30-minute period of low flow ischemia preceding total ischemia of the myocardium supplied by the left anterior descending artery. This protocol is known as the "Harris two-stage ligation" and has been used by many investigators. [2] [3] [4] Kabell et a15 measured regional myocardial blood flow during one-stage ligation of the coronary artery in one group of animals and during the second stage of a two-stage ligation in another. Although regional myocardial blood flow during stenosis was approximately 50% of normal, they did not detect differences in regional blood flow between the two groups of animals. Therefore, the antiarrhythmic effect of a two-stage ligation is not the result of an increased collateral blood flow during total ischemia.
In this study, we investigated the relations between [K']. and the electrophysiologic changes during a
Harris two-stage ligation. The experiments were performed on isolated, perfused canine hearts and involved multiple potassium-sensitive electrodes. We conclude that 1) during total regional ischemia preceded by low flow ischemia, the ischemic zone reaches the stage of activation block about 6 minutes earlier than during one-stage occlusion, and 2) the early activation block during two-stage ligation with respect to sudden ligation is the result of an increased [K']0 at the beginning of the complete occlusion.
Methods
Thirteen mongrel dogs weighing [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] kg were anesthetized with pentobarbital (15 mg/kg i.v.) The heart was exposed through a midsternal thoracotomy. One liter of a modified Tyrode's solution6 and 5,000 IU heparin were infused through the femoral vein simultaneously. A 1:1 blood-Tyrode mixture (about 2 1) was collected from the anterior caval vein and used as a perfusion solution later. The heart was dissected free after ventricular fibrillation was induced by application of a direct current and was immersed in a 40 C Tyrode's solution as quickly as possible. The aorta was cannulated, and the heart was mounted on a Langendorff perfusion setup.6 The ventricles were vented. Subsequently, the heart was defibrillated by a DC countershock. The left anterior descending artery (LAD) was cannulated close to the bifurcation, and the cannula was connected to the perfusion apparatus. If this proved impossible because of the multiple branches emerging from the LAD close to the bifurcation, the circumflex artery (Cx) was cannulated instead (three hearts). Usually, the [K'] of the perfusate decreased by 1-2 mM after mounting the heart to the perfusion setup. This was counteracted by administration of potassium chloride to the perfusion solution.
The perfusion setup consisted essentially of two separate recirculatory systems that could be directed to the heart by a three-way stopcock placed above the aortic cannula. One of the recirculatory systems contained perfusate with a normal [K']. The other contained perfusate with an elevated [K'] that was used to test the potassium-sensitive electrodes in situ and to defibrillate the heart if necessary. This method of defibrillation was used instead of a DC countershock to prevent damage to the potassiumsensitive electrodes and the amplifiers. Flow through the coronary cannula could be regulated by an occluder. Total coronary flow and flow through the cannulated coronary artery were measured by electromagnetic flow probes. The pH of the perfusate was regulated between 7.35 and 7.45. Temperature of the heart was 370 C. During total regional ischemia, the temperature of the ischemic zone decreased by 20 C at most.
We inserted 10-48 potassium-sensitive electrodes in the midmyocardium, 5 mm below the epicardial surface. Fabrication of the electrodes has been described before.6 Essentially, the electrodes consist of a potassium-sensitive terminal of the valinomycin type and a reference terminal. The potassium-sensitive electrodes were calibrated in vitro in two isotonic potassium chloride test solutions of 1 and 10 mM at room temperature.
Signals from the electrode pairs were differentially DC amplified, and the signal from the reference electrode was DC amplified against a common reference electrode attached to the root of the aorta. Thus, a potassium signal and a local DC electrogram could be recorded. Signals were passed to an A to D converter, were sampled every 4 msec, and were continually written into a circular buffer. The content of the buffer containing all data collected during the last 3 seconds could be stored on a disk at any moment during the experiment.
In four hearts in which the LAD was perfused at a low flow, the great (Figure 5 ), the site of stimulation was always on the right ventricular outflow tract.
Experimental Protocol
The coronary artery was first occluded for 6 minutes; no data were collected during this period because the first occlusion differs from all the subsequent periods of ischemia (see "Discussion"). This first ischemic period was used to identify the visual border. Then, the electrodes were inserted into the myocardium, and the heart was allowed to recover for at least 1 Two-stage occlusion. After the one-stage occlusion and a 15-20 minute period of recovery, the heart was made partially ischemic by adjusting the occluder on the coronary cannula until a 50% flow reduction in the cannula was measured (low flow ischemia or "stenosis") in seven hearts. This condition was maintained for 30 minutes. Immediately after this period of low flow ischemia, flow through the coronary artery was completely stopped for 8 minutes (two-stage occlusion).
Control experiments. After the one-stage occlusion and 40 minutes of reperfusion, a successive 8-minute period of one-stage occlusion was performed in six hearts.
All monitored variables returned to control value during the period of the occlusion. If ventricular fibrillation occurred before the end of the intervention, the occlusion was discontinued, and the heart was defibrillated by high [K'] perfusion.
Inclusion Criteria
Data from the potassium-sensitive electrodes were accepted for analysis only: minutes during the third occlusion in one heart.
Results

Subsequent Occlusions
When hearts are subjected to repeated short periods of ischemia, separated by a long recovery period, the time course and the magnitude of the electrophysiologic changes are identical from the second occlusion onward.7 K' reproducibility is established after one or two periods of ischemia. 8 We performed six experiments to test reproducibility of the increase of K' and of the electrophysiologic changes during subsequent periods of ischemia in our experimental setup. The time course of change of [K4], during the second and third onestage occlusions is shown in Figure 1 . Note coefficient of variation is significantly larger during low flow ischemia than during no flow ischemia. During low flow ischemia, the coefficient of variation in the central zone was not statistically different from the coefficient of variation in the border zone, contrary to the situation in no flow regional ischemia. Extracellular potassium. Figure 6 shows potassium distribution maps corresponding to the activation maps of Figure 3 Figure 8 . After low flow ischemia, TQ depression was present, and it increased further after total ischemia (see also Figure 4 ). However The early development of a large unexcited area during total regional ischemia after preconditioning with low flow regional ischemia may result from 1) an elevated [K'], at the end of the period of preconditioning. The time needed to reach the concentration at which cells become inexcitable is thus reduced, and 2) depolarization during the period of low flow regional ischemia caused by a net loss of intracellular potassium. A small increase in [K'].
during the consecutive total regional ischemia would then bring the tissue to inexcitability.
The first possibility implies that the average [K'] at which block electrograms occur is the same during one-and two-stage occlusions. The second alternative implies that block electrograms occur at a lower [K+]0 during two-stage than during onestage occlusion and that the net loss of potassium from the ischemic area during coronary stenosis is large enough to induce an initial depolarization of the cell membrane. Figure 9 shows the relation between the occur- Discussion In summary, the results show that 1) low flow regional ischemia is neither a homogeneous condition ( Figure 3 ) nor a steady-state condition ( Figure  2) ; 2) total ischemia after low flow ischemia (twostage occlusion) is characterized by an early development of a large area of conduction block ( Figures  4 and 5) ; 3) extracellular potassium concentration during total regional ischemia after low flow ischemia (two-stage occlusion) is larger, especially in the central zone and is equally inhomogeneous ( Figures  6 and 7 ) with respect to total ischemia without preconditioning (one-stage occlusion); 4) the relation between [K'], and monophasic block electrograms is unchanged in a two-stage occlusion when compared with a one-stage occlusion ( Figure 9) ; 5) the wide range of values of [K']. related to the occurrence of monophasic block electrograms ( Figure 9 ) can be partially explained by the sequence of activation ( Figure 10) ; and 6) the loss of intracellular potassium during low flow ischemia (50% flow reduction) is not large enough to depolarize the cell membrane and does not explain the early activation block.
Potassium Accumulation and Monophasic Electrograms
The most important finding of this study is that during two-stage occlusion a large part of the ischemic zone becomes unresponsive at a much earlier time than after abrupt one-stage occlusion. A [K+] out (mmole s/i) FIGURE 9. The design of the experimental protocol in this study is based on the assumption that consecutive periods of reversible ischemia are electrophysiologically identical. Cardinal et a17 have measured electrophysiologic variables in subsequent 15-minute occlusions separated by 15 minutes of reperfusion in the isolated, perfused pig heart.7 They concluded that from the second period of regional ischemia onward consecutive occlusions show the same electrophysiologic changes, such as changes of the ST and the TQ segment, activation times, and the occurrence of arrhythmias. Fleet et a18 showed the same results for the change of extracellular potassium activity in the in situ working pig heart. In their experiments, however, reproducibility of potassium accumulation during repetitive short periods of ischemia was often only established after the third period of ischemia. For this reason, we performed six experiments studying reproducibility of K' in our experimental conditions. In these hearts, the second and the third period of ischemia closely resembled each other, and therefore, the data recorded during the second period of ischemia were used as control values for those recorded in the third period of ischemia. The change of local pH decreases in consecutive periods of ischemia. 8 We measured a larger area of activation block during the occlusion after low flow ischemia. Acidosis induces an additional depolarization. 15, 16 A decreased degree of acidosis therefore cannot explain the effect of a preconditioning period of low flow ischemia. Moreover, it can be expected that during low flow ischemia glycogen stores are depleted and that during a subsequent period of total ischemia the change of pH is much less. Figure 7 ). This is in line with the findings of Saito et al18 who described that conduction velocity only decreases at a [K']. in excess of 8 mM. The percentage of electrodes (13%) recording block electrograms in the ischemic area at that particular potassium concentration is about the same as the percentage reached after 6 minutes of total regional ischemia ( Figure 5 ). This may indicate that the relation between block electrograms and extracellular potassium is similar in low flow ischemia and total ischemia. Yet, low flow ischemia never precipitated ventricular arrhythmias. This may be explained by the patchy nature of low flow ischemia causing a discontiguous distribution of areas of block electrograms. The inhomogeneous nature of regional low flow ischemia is illustrated by the distribution of extracellular potassium ( Figure 3, Figure   7B ) and in some cases absent (Figure 2) , the change of [K'], during low flow ischemia in the border zone may be primarily determined by flux of K' toward the normal zone, whereas it may be mainly determined by the residual blood flow in the central zone. The residual blood flow probably is the main cause for the large inhomogeneity in [K']0 in the central zone during low flow ischemia.
Our results also show that low flow ischemia even at a relatively small reduction of flow is not a steady state with respect to accumulation of extracellular potassium. The rising phase of [K+]0 can be protracted even more than in total ischemia (Figure 2) . Therefore, total ischemia cannot be simulated with anoxic perfusion or a low flow.
Preconditioning With Low Flow Ischemia
In the four hearts that fibrillated during the control occlusion, fibrillation started early during ischemia ( Figure 5 ) and was associated with a relatively small amount of tissue generating block electrograms. The early development of a large area of block electrograms after preconditioning with low flow ischemia could explain the reported decrease of occurrence of fibrillation during a two-stage occlusion. Apart from an area of block around which the activation wave can circle, another requirement for reentrant arrhythmias to occur is slow conduction.22 A large area of block implies a functional reduction of excitable myocardial tissue and consequently a reduction of the area in which slow conduction can occur. The result is a functionally "punched out" part of the myocardium almost directly neighboring normal tissue. These factors will reduce the probability for a reentrant arrhythmia to occur. A similar mechanism was proposed for the antiarrhythmic property of lidocaine.7
In our experiments, we found a more pronounced response to total ischemia after pretreatment. A preconditioning stenosis on the following total occlusion causes a faster development of ischemic changes, resulting in an early functional separation between normal and ischemic tissue. In contrast to the protocol used in our experiments, preconditioning with four 5-minute occlusions separated by 5 minutes of reperfusion, showed a protective effect (reduction of infarct size) on Figures  4, 6, and 9) . A change of activation sequence reveals that the tissue underlying the electrode is in fact not inexcitable but merely not activated.
